ABSTRACT Caulobacter crescentus carries a flagellum and is motile only during a limited time in its cell cycle. We have asked if the biochemical machinery that mediates chemotaxis exists coincident with the cell's structural ability to respond to a chemotactic signal. We first demonstrated that one function of the chemotaxis machinery, the ability to methylate the carboxyl side chains of a specific set of membrane proteins (methyl-accepting chemotaxis proteins, MCPs), is present in C. crescentus. This conclusion is based on the observations that (i) methionine auxotrophs starved of methionine can swim only in the forward direction (comparable to smooth swimming in the enteric bacteria), (ii) a specific set of membrane proteins was found to be methylated in vivo and the incorporated [3H]methyl groups were alkali sensitive, (iii) this same set of membrane proteins incorporated methyl groups from Sadenosylmethionine in vitro, and (iv) out of a total of eight generally nonchemotactic mutants, two were found to swim only in a forward direction and one of these lacked methyltransferase activity. Analysis of in vivo and in vitro methylation in synchronized cultures showed that the methylation reaction is lost when the flagellated swarmer cell differentiates into a stalked cell. In vivo methylation reappeared coincident with the biogenesis of the flagellum just prior to cell division. In vitro reconstitution experiments with heterologous cell fractions from different cell types showed that swarmer cells contain methyltransferase and their membranes can be methylated. However, newly differentiated stalked cells lack methyltransferase activity and membranes from these cells cannot accept methyl groups. These results demonstrate that MCP methylation is confined to that portion of the cell cycle when flagella are present.
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Caulobacter crescentus differentiates surface structures during each cell cycle. The periodic synthesis and assembly of the C. crescentus polar flagellum has been extensively studied in order to define the regulatory mechanisms that govern site-directed morphogenesis and temporally controlled gene expression. To date, the loci of 26 genes involved in flagellar biogenesis have been determined (see Fig. 1 ). All bacterial flagella thus far studied, including those from C. crescentus (1) , are composed of a filament with a cell-proximal flexible hook, which is attached to a transmembrane basal body (2) (3) (4) . The C. crescentus flagellar filament is composed of two flagellins of 25,000 and 27,500 Mr (5, 6). The two flagellin proteins, although immunologically crossreactive, are encoded by two separate genes (7, 8) . Although the major protein subunit of the C. crescentus hook is 70,000 Mr (1, 9) and the Salmonella hook is only 45,000
Mr (10), three-dimensional reconstruction of the hook structure from both organisms by optical diffraction and digital image processing techniques showed the structures to be organized in an identical manner (10, 11) . The architecture of bacterial flagella, therefore, has been conserved, although variation exists with respect to their number and cellular distribution and to the sizes of individual protein components.
The mechanisms that control flagella rotation during the bacterial chemosensory response have been extensively studied in the peritrichously flagellated bacteria Escherichia coli and Salmonella typhimurium (12) (13) (14) . In these bacteria the direction of flagellar rotation dictates whether they swim smoothly or tumble. The frequency of tumbling regulates the cell's ability to swim towards an attractant or away from a repellant. The information that programs direction of flagella rotation is received from attractants and repellants and is processed by specific integral membrane proteins (methyl-accepting chemotaxis proteins, MCPs) (14) . Methylation of MCPs catalyzed by a cytoplasmic methyltransferase functions to transmit a chemosensory signal and then demethylation by a specific methylesterase acts as a progressive cancellation of this signal. Similar methylation reactions occur in several other chemosensory systems, including human monocyte chemotaxis (15) and the response of leukocytes to chemotactic peptides (16) .
Because C. crescentus assembles its flagellum at a specific time in the cell cycle and then releases it into the medium at a programmed point later on, this bacterium behaves like a "conditional" flagella-less mutant. Thus, the biochemical machinery that mediates chemotaxis can be studied as a function of the cell's structural ability to respond to a chemotactic signal. We have asked whether a known chemosensory response, the methylation of membrane chemotaxis proteins, is expressed periodically during the cell cycle coincident with flagellar biogenesis. We report here that eight genetic loci involved in chemotaxis have been identified. Mutations in one of these genes result in the loss of methyltransferase activity. Methylation of a subset of membrane proteins has been demonstrated both in vivo and in vitro, and we have found that the ability of the cell to carry out this methylation is confined to that portion of the cell cycle when the flagellum is present. In vitro reconstitution experiments with cellular components from different stages of the cell cycle showed that methyltransferase activity is present only in flagellated cells and that membranes from newly differentiated stalked cells cannot be methylated.
MATERIALS AND METHODS
Bacteria and Mutant Isolation. C. crescentus wild-type CB13 and CB15 and nonchemotactic mutant strains were grown at 30°C in PYE or minimal M2 glucose media (17) . C. crescentus AE5536 (metFl27:: Tn5 gps-505) was grown in minimal M2 medium with oleic acid (0.1%) as a carbon source with methionine
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(0.2 mM), alanine (10 mM), and glycerol phosphate (1 mM). The nonchemotactic mutants SC1130 (cheGl51: :Tn5, cysB, str') and SC1046 (cheEl54: :Tn5, proA103, str-140) were identified by screening individual colonies derived from Tn5 mutagenesis (18) for the ability to swarm in semisolid PYE medium. Nonswarming mutants were then examined microscopically to demonstrate motility. Motile strains that did not swarm were presumed to have defects affecting chemotaxis. The nonmotile mutant SC507 (flaEF152) was isolated as described (19) .
Methylation in Vivo. Cellular proteins were methylated in the absence of protein synthesis as described by Kort et aL (20) . Cultures grown in minimal M2 media were treated with chloramphenicol (50 ,ug/ml) for 5 min and then incubated for 20 min at 30'C in the presence of [methyl-3H]methionine (75 ,uCi/ml; Schwarz/Mann; 1 Ci = 3.7 x 1010 Bq). Samples were then mixed with cold acetone (10 vol). The resulting precipitates were washed with 50% (vol/vol) acetone, air-dried, and resuspended in Laemmli sample buffer (21) prior to separation by electrophoresis in 10% polyacrylamide/NaDodSO4 gels.
Measurement of Methyltransferase Activity in Vitro. Protein methylation was carried out in vitro according to Springer and Koshland (22) with slight modifications. Cells were collected by centrifugation, washed in 0.01 M NaPO4 buffer, pH 7, and disrupted by grinding with an equal volume of alumina. Two volumes of buffer A (0.1 M NaPO4, pH 7, containing 1 mM EDTA and 0.1 mM EGTA) were added and the suspension was centrifuged at 6,000 x g for 10 min. The supernatant obtained after three washes was centrifuged at 105,000 X g for 45 min and the resulting supernatant fraction is referred to as the solublefraction. The pellet was resuspended in 3 ml of buffer A and centrifuged again for 30 min at 105,000 X g. The final pellet, suspended in buffer A, is referred to as the membrane fraction. Methyltransferase activity was measured by incubating membrane fraction (100 ,ug) with soluble fraction (100 ,g) and S-adenosyl[methyl-3H]methionine (5 for 30 min. The samples were then rapidly frozen in dry ice/ acetone. Prior to electrophoresis on 10% polyacrylamide/ NaDodSO4 gel slabs 20 ,1 of Laemmli buffer (5x) was added and the samples were heated to 100°C for 10 min. The portion of the dried gel corresponding to 70,000-92,000 Mr was cut into 0.5-cm slices, placed in a scintillation vial with 50 ,ul of water, and incubated for 10 min. Protosol (3%; New England Nuclear) in Econofluor (10 ml; New England Nuclear) was added and the vials were gently shaken overnight at 37°C, and then their radioactivities were measured.
RESULTS
Nonchemotactic Mutants of C. crescentus. Generally nonchemotactic mutants of C. crescentus CB15 were isolated after mutagenesis with the transposon Tn5. The presence of Tn5, with its kanamycin-resistance gene, facilitated the mapping of these mutants by a method previously described (23) . Eight loci were identified and designated cheA through cheG, as shown in Fig. 1 . With the exception of the cheC and cheG genes, and perhaps cheA and cheE, the loci are scattered on the C. crescentus chromosome. The position of the cheF mutation has not been determined and the precise location of the remaining che genes with respect to other C. crescentus genes awaits finestructure mapping. In order to begin assigning a function to each identified locus, the swimming pattern of each class of mutants was examined.
The direction of flagellar rotation in the monoflagellate C. crescentus results in a simple forward or reverse swimming pattern. When a methionine auxotroph, AE5536, was observed in the light microscope it was found that in the absence of methionine the cells could swim only in the forward direction, suggesting that, as is the case with other bacteria (24, 25) , methionine mediates the direction of flagellar rotation. Two groups of nonchemotactic mutants, cheC and cheG, could swim only in the forward direction, analogous to the "smooth-swimmers" of E. coli (24) and Salmonella (25) . On the basis of this apparent requirement for methionine to mediate a change in the direction of flagella rotation, we analyzed the pattern of protein methylation in wild-type and mutant cells.
Characterization of Protein Methylation in Wild-Type and Mutant Cells. Whole cells from two C. crescentus wild-type strains, CB13 and CB15, were incubated with [methyl-3H]methionine and solubilized in NaDodSO4 and the proteins were separated on 10% polyacrylamide gels (Fig. 2) . Autoradiograms showed several labeled bands between 74,000 and 92,000 Mr ( Fig. 2A, lane a) . The [3H]methyl label was lost from these proteins when the gel was incubated in 0.1 M NaOH (Fig. 2A, lane  b) , indicating that the methyl groups were attached to the protein in alkali-labile esters in a manner analogous to that observed for the MCPs of E. coli (14) and Salmonella (22) . Evidence that proteins labeled in vivo were in the cell membrane was obtained by incubating cell membranes with a soluble fraction from a C. crescentus CB13 cell extract in the presence of S-adenosyl[methyl-3H]methionine. The membrane proteins labeled in vitro were separated on 10% polyacrylamide gels and were found to be alkali labile and to migrate with the proteins labeled in vivo ( Fig. 2A, lane c) .
In vivo methylation of the nonchemotactic mutants showed that the cheG mutant (Fig. 2B ) was unable to methylate the membrane proteins. Various amounts of in vivo methylation were observed, however, with the other nonchemotactic mutants. For example, the methylation pattern of cheE is shown in Fig. 2B . In contrast, most fla mutants with defects in flagellar biosynthesis were unable to carry out methylation of these proteins (not shown). However, SC507, which lacks a flagellum and has undergone a deletion of severalfla genes, including a structural gene for one of the C. crescentus flagellins (26) , had a normal pattern of in vivo methylation (Fig. 2B) .
Because methylation of a specific set of membrane proteins can be detected in C. crescentus and this methylation fails to occur in a nonchemotactic mutant, the methylated proteins appear to be analogous to the MCPs of E. coli (14) and Salmonella typhimurium (22) . The methyltransferase that catalyzes this methylation has been identified in Salmonella (22) and E. coli (27) . Mutants in the cheR gene of Salmonella were shown to lack methyltransferase activity in vitro and to be totally unable to methylate MCPs in vivo (22) . Accordingly, in vitro reconstitution of membrane and soluble fractions was carried out to identify the C. crescentus methyltransferase activity. S-Adenosylmethionine-dependent methylation of the 74,000-92,000 Mr membrane proteins in cell-free extracts of wild-type strains * Cultures of C. crescentus CB13 were synchronized as described in the text and stalked cells were collected at 0.5 division unit (see Fig. 3 ). (Table 2 ). In agreement with the degree of methylation observed in vivo (Fig. 3) , the highest amount of methylation in vitro was observed with reconstituted soluble fraction and membrane acceptor from isolated swarmer cells and no activity was observed in reconstituted stalked cells (Table 2). In this experiment the membrane fraction from swarmer cells had a significant amount of endogenous activity; however, this activity was not appreciably stimulated by incubation with the stalked cell soluble fraction. Full activity was restored when the soluble fraction from mixed-population CB13 cultures was used as a source of methyltransferase activity. In the reciprocal experiment, methyltransferase from the soluble fraction of either swarmer cells or mixed populations (CB13) failed to methylate stalked cell membranes. Whereas the soluble methyltransferase from swarmer cells methylated membranes from a mixed population of CB13 cells, the stalked cell soluble fraction lacked methyltransferase activity. Cell extracts from stalked cells did not inhibit the methyltransferase activity observed when swarmer cell soluble and membrane fractions were combined (data not shown), arguing against the presence of an inhibitor of the reaction in stalked cells. These results suggest that stalked cells do not contain methyltransferase activity and that stalked cell membranes are unable to accept methyl groups from S-adenosylmethionine in the presence of active methyltransferase from isolated swarmer cells or mixed populations.
DISCUSSION
Twenty-six genes involved in the synthesis and assembly of the polar flagellum of C. crescentus have been located on the genome (unpublished data) and two identified loci have been cloned: those encoding the structural gene for the hook protein (28) and the structural gene for one of the flagellins (26, 29) . A unique feature of flagellar biogenesis in C. crescentus is that it occurs at a defined time in the cell cycle and that the flagellum is released from the cell later in the cell cycle when the swarmer differentiates into an immotile -stalked cell. Because Caulobacter exhibits a chemotactic response to exogenous nutrients, we questioned whether the molecular mechanisms that mediate a chemosensory response are coordinated with cell motility. This question is particularly cogent in light of the observations that membrane biogenesis is tightly coupled to the expression of differential cell cycle events in Caulobacter (30) and that the chemosensory response in bacteria is known to involve specific integral membrane proteins (31) . We (27) . It can then be determined if the genes are differentially transcribed during the cell cycle.
Proc. Natl. Acad. Sci. USA 80 (1983) 5265 Even though the che genes and the fla genes are scattered on the C. crescentus genome, there is precedent for the coordinate turn-on of the genes involved in flagella biogenesis and function (30) . It is more difficult, however, to explain the loss of all these functions coincident with the release of the flagellum unless one invokes a role for spatial organization at the cell pole. Perhaps the incorporation of newly synthesized MCPs is localized to the swarmer cell pole and a chemosensory response requires exchange of information between the flagellar rotor and the resident MCPs.
